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TECHNICAL NOTE 3799

AN AIR-FIOW-DIRECTION PICKUP SUITABLE FOR
TELFMETERING USE ON PILOTLESS ATRCRAFT*

By Wallace L. Ikard
SUMMARY

A free-swiveling vane-type pickup for measuring air flow direction
-both the angle~of-attack and angle-of-sideslip directions is described.

device, which is intended to telemeter flow direction from pilotless
alrcraft, has variable-inductance outputs suitable for use in the 100 to
200 kcps subcarrier frequency range of the NACA FM-AM telemetering system.
Preliminary test results indicate that it can also be adapted for use with
the: audio subcarrier frequencies of the Research and Development Board
standard FPM-FM telemetering system.

Test results are presented which indicate that the pickup is aero-
dynamically stable and has an accuracy, obtained from a bench calibration,
of better than 0.3° under conditions including acceleration up to 20g in
any direction, Mach numbers from 0.5 to 2.8, and dypamic pressures up to
at least 65 psi.

Equations and curves which can be used to obtain flow direction at
the center of gravity of a maneuvering model are presented.

INTRODUCTION

In the determination of many aerodynamic parameters of aircraft in
free flight, it is necessary to know the attitude of the airframe with
respect to the relative wind. Various instruments have been used on
plloted aircraft to measure flow direction, but these instruments are
generally unsuitgble for use on high-speed pilotless-aircraft models
because of their large size or their inability to withstand the large
accelerations and aerodynamic loads which are encountered.

Early in the development of the NACA pilotless aircraft research
programs, a simple self-alining vene-type instrument for measuring flow
direction was designed and used (ref. 1). This instrument had the

Lsupersedes declasaified NACA Research Memorandum L53K16 by Wallace
L. Tkard, 195%.
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necessary strength and small size; although this instrument was free to
rotate about only one axis and thus gave flow direction in only one plane,

valuable data were obtained from mamy models.

A desire to obtain more complete research data from each flight
.soon made it apparent that a dual-flow-direction instrument which could
completely define the flow direction with respect to the aircraft axes

should be devised.

The purpose of this report is to outline the problems, which were
encountered in the design and use of such an instrument, and to present
the performance characteristics of the final instrument.

DESIGN REQUIREMENTS

Requirements for a flow-directlon pickup to be used in the NACA
pilotless aircraft research programs are as follows:

Accuracy: For use in the pilotless aircraft research programs, the
instrument must have absolute accuracy of at least 0.2° and a resolution
of at least 0.1° under acceleration loads of 20g in any direction with
dynamic pressures ranging from 1 to 90 psi at any Mach number from 0.5
to 3.0. Accelerations of the order of T5g should cause no permanent
changes in calibration.

Dynamic response: The natural frequency and damping characteristics
of the instrument should be such that accurate data can be obtained from
models maneuvering at frequencles up to 15 cps in the operating range
described previously.

Size: Because of the small scale of some models used in the research
programs, the size of the instrument is an important factor; a frontal
area of less than 1 square Inch is desirable.

Mounting position: 1In order to minimize the effects of flow dis-
turbances, the critical aerodynamic surfaces of the device should be for-
ward of the model and mounting.

Angular range: The instrument should be capable of measuring flow
angularity up to 15° from an arbitrary mounting axis.

Electrical output: Separate outputs proportional to the local angle
of attack and angle of sideslip with no interaction between the two quan-
tities are required. For use with the NACA FM-AM telemetering system,
the electrical output should comsist of an inductance change of approxi-
mately 50 microhenries. The inductance pickoff, which must be sultable
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for use in the 100 to 200 kcps band, should heve a nominal value no
greater than 0.5 millihenry. :

Temperature stability: Since -skin temperatures of 400° F to T00° F
may be reached during short periods of flight at high supersonic speeds,
the device should have sufficlent temperature stabllity and thermal lag
to operate properly under these conditions for periods of 1 to 2 minutes.

Simplicity: Since each pickup is expended in flight, the calibra-
tion should be direct and simple and the cost should be low.

DEVELOPMENT OF INSTRUMENT

Systems which give a more or less direct indication of flow direction
were considered before undertaking the design of the instrument described
herein and mey be listed in three general groups: instruments in which a
measurement 1s made of differential pressure between appropriately located
orifices on a hemisphere, cone, or other aerodynamic shape (ref. 2) y null-
seeking differential-pressure instruments (refs. 3 end k) , and free-
swiveling vane—type instruments (refs. 1 and 5).

The vane-type system of measurement was chosen for several reasons.
The first system requires accurate measurement of a wide range of rela-
tively low pressures, which is very difficult to obtaln under the accel-
eration loads encountered. Systems using the second method have been
too bulky or complex to meet the requirements of simplicity and mounting
forward of small models. Previous experience with the third method,
vane-type pickups, at the Langley Laboratory indicated that such a device
could be made to meet the requirements.

The first experimentel pickup was constructed and tested with the
heed configuration shown in figure 1(a), which consisted of an ogive body
‘tengent to the conical nose, stabilized with four 60° delta vanes. (ALl
vanes described herein are flat plates with sharp leading edges and blunt
trailing edges.) The internal configuration of figure 2(b) was used in
this and all subsequent tests. Very satisfactory angular calibrations of
this model were obtained in the Langley 9- by 12-inch supersonic blowdown-
tunnel at Mach numbers of 1.4, 1.6, and 1.96.

Further tests, however, proved the configuration to be dynamically
unstable in a narrow Mach number range between approximately 0.93 and 0.97.
A theory was advanced that this instebility was the result of an unstable
shock-wave condition existing near the rear of the body as the local
velocity of flow passed through Mach number 1.0. In order to check this
theory, the original configuration was modified as shown in figure 1(b)
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by addition at the rear of the body of an annular spoller extending
0.1 inch Into the airstream to provide a steble point of attachment of
a strong shock wave. Tests proved that the spoller greatly reduced
oscillations at transonic speeds but resulted in poor operation at sub-
sonic speeds.

In an effort to obtain a configuration possessing good stablility
at transonic speeds along with other desirable characteristics, the body
shape was modified as shown in figure l(c) , and one instrument was con-
structed using each of the three different vane configurations (shown
as dotted lines in figure 1(c)). The body was essentially the original
configuration with the exception that the rear part of the ogive was
replaced with a tangent 5° conical section in order to reduce shock-
wave difficulties and to Increase the aerodynamic demping. Theory shows
(ref. 6) that flaring the body in this manner moves the aerodynamic cen-
ter of pressure rearward and increases the aerodynamic damping. In order
to increase the effectiveness of the aerodynamic damping further, the
moment of Inertis of the moving parts was reduced to a minimum.

Wind-tunnel tests were made on these three cornfigurations in the
Langley high-speed T~ by 10-foot tunnel at Mach mumbers from 0.5 to 1.1.
Although flow conditions in this tunnel were rough and would, of course,
cause more oscillation in the pickup than would be encountered under free-
flight conditions, tests there served as a means of comparing instruments
under adverse conditions. Results of these tests were as follows: The
rectangular-vane configuration (labeled no. 1) oscillated violently at
about 20° double amplitude starting at about a Mach number of 0.95. This
test was not continued higher in Mach nmumber to determine whether the
oscillation would stop. Both the delta (no. 2) and arrowhead-vane (mo. 3)
configurations operated sabtisfactorily throughout the Mach number range
of the test. Although tunnel roughness showed up slightly more with the
delta-vane configuration, it was selected for the final design because it
is mechanically stronger and less difficult to form by die casting.

DESCRIPTICON OF INSTRUMENT

Sketches of the final conflguration of the dual-flow-direction pickup
which was designed to meet the stated requirements are shown in figure 2.
The pickup makes use of a sting-mounted, vane-stabilized head which is
pivoted well ahead of 1ts aerodynamic center of pressure on a free-
swiveling universal jolnt. Body and vanes are combined so that they
rotate as a unit; thus, the aerodynamic surfaeces are placed ahead of all
fixed parts. The delta vanes are swept back 60°, are flat in cross-
section, and have sharpened leading edges and blunt trailing edges. The
body, which is shown in more detail in figure 1(c), is an ogival shape
modified by addition of conical tip and conical afterbody sections.
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Overall exposed length of the instrument when mounted is 7 inches.
The frontal erea is approximately 1 square inch. Overall weight,
including head and mounting sting, 1s 0.32 pound.

The universal joint pivot (fig. 2(b)), which is provided with
adjustments for removing play from the bearings, acts to separate the
flow-direction measurement into two components. Bearing axis A, bearing
axis B, and the instrument mounting axis intersect at a common point.
With this arrangement, the inductance of coil A, which is controlled by
the relative position of core A, varies only when the head rotates about
axis A. The inductance of coil B likewise varies only when the head
rotates about axis B.

With this internal configuration, if the instrument is mounted with
axis A parellel to the lateral axis of the aircraft, the local angle of
attack and angle of sideslip are indicated, with no interaction, by the
inductance of coil A and coil B, respectively. The definitions of these
two terms are given in reference 7 and may be stated as follows:

Angle of attack: The acute angle between two planes defined as
follows: One plane includes the lateral and longitudinal axes of the
aircraft; the other plane includes the lateral axis of the aircraft and
the relative wind vector.

Angle of sideslip: The acute angle between the plane of symmetry
of the aircraft and the relative wind vector.

The inductance pickoffs, as sketched in figure 2(b), each consist
of a conical powdered iron core which moves on an arc through a powdered-
iron enclosed coil. The coil, of enameled copper wire, is wound on a
small plastic spool. In a typical installation using the maximum full-
scale range of 30°, the coil uses 85 turns of no. 38 wire and has an
inductance at 0° of 0.09 millihenry. The total variation of inductance
over the calibrated range is 0.04 millihenry, an inductence change of
1.5 percent per degree. This sensitivity figure holds to within about
5 percent for any inductance value used on the subcarrier frequencies of
the NACA telemetering system.

With the exception of bearings and aerodynamic surfaces, dimensional
tolerances used in the construction are +0.005 inch. On the die-cast
heads, vene alinement is held to within +0.1° of the body axis; concen-
tricity of the body sections is held to +0.001 Inch full indicator reading.
Bearing shafts and sleeve bearing bores are held to tolerances of
+0.0002 inch on the diameter.
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TELEMETER

In the NACA telemetering system, the pickup controls the freguency
of a subcarrier oscillator. Several such oscillators, operating in dif-
ferent frequency bands between 100 and 200 kcps, simultaneously amplitude-
modulate a 217 meps carrier; this modulation is transmitted from the model
to the ground receiving station. At the ground station, the subcarrier
frequencies are separated and fed into individual frequency discriminators
which produce direct-current outputs proportional to the frequency devia-
tion of the subcarrier oscillator. These current outputs are recorded on
multichannel oscillographs.

Fach of the variable-inductance outputs of the dual-flow-direction
pilckup is connected into the resonant inductance-capacitance circuit of
a subcarrier oscillator. The oscillator may be tuned to any subcarrier
frequency; the internmal oscillator inductance in series with the pickup
is adjusted so that full-scale variation of the pilckup inductance results
in a total frequency deviation of approximately 2 kecps.

The errors in the telemetering system due to instability of the
electronic circuits, calibration, and reading errors are conservatively
estimated to be between 1 and 2 percent of full scale, exclusive of

pickup errors.

INSTRUMENT PERFORMANCE

Aerodynamic Performance

The aerodynamic performance of the final instrument (fig. 2) has been
determined in wind tunnels at Mach numbers from 0.3 to 1.1 and the instru-
ment has been used on free-flight models at Mach numbers up to 2.8. The
serodynamic characteristics of this instrument under conditions of dynamic
pressures different from those obtainable in wind tunnels were determined
by the method of analysis given in the appendix.

Frequency response.~ The dynamic response of a device such as this

ingtrument can be determined from measurements of natural frequency and
demping coefficient under the desired conditions. A convenient means of
experimentally determining these factors in a single-degree-of-freedom
instrument having low damping is to apply an instantaneous change of
input and analyze the resulting oscillation. These factors were deter-
mined for the dual-flow-direction pickup in wind tunnels by locking the
head at some angle of attack and recording the damped oscillation as it
was released at the desired Mach number. A typicel damping record,
obtained at a Mach number of 0.8, is shown in figure 3.
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The instrument has a high natural frequency, as shown in figure k4,
vhere natural frequency is plotted against Mach number at pressure alti-
tudes of zero, 25,000 feet, and 50,000 feet. These data, up to a Mach
number of 1.1, were cobtained from tests on the final instrument configu-
ration. Date above a Mach number of 1.1 are approximate, inasmuch as
they were calculated from data obtained In testing a similar configuration
having a slightly different body shape. The natural frequency of the
instrument in the range of Mach numbers from 0.3 to 1.96 varies from
31 cps to 350 cps at sea level and from 10.5 cps to 120 cps at an alti-
tude of 50,000 feet.

Tests on the instrument have proven the damping produced by bearing
friction to be negligible. The aerodynamic damping of the head determined
from measurements at Mach numbers of 0.3, 0.43%, 0.8, and 1.0 is approxi-
mately 5 percent of critical valpe at sea-level conditions and is essen-
tially independent of Mach number.

A damping coefficient this low would be insufficient for many instru-
ment applications, but experience has proven that the low damping causes
no trouble in free-flight work, provided the device is securely mounted
and kept out of fluctuating flow disturbances caused by the model. Ampli-
tude and phase responses are satisfactory in use because natural frequencies
of the models under similar conditions will not exceed about 10 percent of
the pickup natural frequency. ;

It is shown in the appendix, however, that the aerodynamic damping
coefficient is proportional to the square root of static pressure. There-
fore, in order to retain a reasonable amount of damping when the instru-
ment is operating at high altitudes, a small amount of high-viscosity
sllicone fluid is introduced into the sleeve bearings of the universal
Jjoint to provide lubrication and viscous damping. It can be seen from
equation (7) that the effectiveness of this viscous damping depends on
flight conditions, since the aerodynamic spring constant Xk is variable
whereas the damping factor A introduced by viscous damping is relatively
constant. The effect of the viscous damping is greatest under the con-
ditions of low spring constant and low natural frequency. In order to
keep the damp coefficient of the instrument from becoming large at low
natural frequencies and bringing about eppreciable phase lags which vary
with flight conditions, the amount of viscous damping introduced is kept
low and is approximately 1 to 2 percent of the critical value when the
natural frequency is 50 cps.

Hunting or oscillation.- It has been suggested that £lat vanes such
as those used in this instrument may have an aerodynamic "dead spot" or
region of neutral stebility near an angle of attack of 0°. However,
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since the occasional oscillations of the pickup which have been observed
in free-flight use on rocket models have a total amplitude of less
than 0.2°, this effect, if present, is not considered to be serious.

Accuracy of laboratory calibrations.- Individual wind-tunnel cali-

bration of an instrument which is used only once is not, of course,
economically feasible. A simple protractor Jig such as shown in fig-

ure 5 1s used to calibrate the dual-flow-direction pickup. It has been
impractical up to this time to check by wind-tunnel test the accuracy of
such a calibration on the final instrument. However, tests were made on
the original configuration of figure 1l(a), and since its characteristics
are similar except in the tranmsonic range, it is believed that similar
results could be expected from the final instrument. These angular cali-
brations were made in the Langley 9- by 12-inch supersonic blowdown tunnel
at Mach numbers of 1.4, 1.6, and 1.96, with dynamic pressures between
10.5 and 12.5 psi. 1In these calibration rumns, the pickup was mounted, as
shown in the photograph of figure 6, on a rotatable strut designed to
keep the head at the same location in the tunnel while the mounting was
rotated through the calibration range. The pickup was calibrated at
several combinations of angles of attack and angles of sideslip. By
accounting for previously measured tunnel stream angles and correcting
for strut deflection and for backlash of the rotating mechanism, the
angle of air flow relative to the iunstrument mounting was determined with
an estimated accuracy of £0.05°. Each calibration run required approxi-
mately 3 minutes time, during which readinge were taken in 2° increments
through a range of +10°. Readings at an angle of attack of 0° were made
at the beginning, middle, and end of each run so that corrections could
be made for output drift with temperature. Maximim thermal drift due to
an increase of approximately 100° F in the pickup temperature during a
run was equivalent to about a 0.2° change in angle of attack.

The errors in protractor calibrations as obtained fram wind-tunnel
checks at the three Mach numbers are shown in figure 7. Through a total
of eight calibration runs (104 data points) the maximum deviation of any
point from the true reading was 0.4°. Eighty-five percent of all readings
were within 0.20, whereas 50 percent were within 0.1°. It should be noted
that, when these readings were taken, normal telemetering procedures and
equipment were used, with the exception that the radio-frequency link
was eliminated; that is, the pickup was connected to two subcarrier
oscillators whose outputs were fed directly into frequency discriminators
connected to a recording oscillograph. Angular readings of the pilckup
were determined in the normal way by reading of the oscillograph record.
The errors quoted above represent 0.5 percent to 1.0 percent of the full-
scale calibrated range.
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Mechanical Performance

The accuracy of a pickup such as this depends to a great extent on
the mechanical precision with which it is constructed. The use of simple
protractor-type bench calibrations requires alinement of the aerodynamic
surfaces to be symmetrical; proper operation under acceleration and aero-
dynamic loads requires that the bearings f£it well with very little fric-
tion and that the movable parts are precisely balanced. It is believed
that, if the tolerances listed under description of the instrument are
held, future Instruments will have aerodynamic accuracies as good as
those listed in the previous section.

Balance and bearing friction.— An analysis of the effects of unbalance
and bearing friction on the accuracy of the pickup requires knowledge of
the aerodynamic restoring moment. For any given condition of Mach number
and altitude, the restoring moment per degree, which can be considered
to be an aerodynamic spring constant, can be determined from the moment
of inertia of the head and its natural frequency. The following rela-
tionship can be obtained from equation (6):

g o £,°1 (1)
57.3
where
k spring constant, in-lb/deg
fn natural frequency, cps
I moment of inertia, in-lb-sec?®

The moment of inertia of the rotating parts, which weigh 25 grams,

was measured and found to be 0.06 x 10-7 in-lb-sec2. Substituting this
value into equation (1) gives

k = 0.0k x 1070¢,° (1)

The accuracy with which the instrument cen be balanced is limited
by the bearing friction, which has been held below 0.001 inch-pound in
the instruments constructed. Balance 1s adjusted until the head will
not rotate when placed in any position and vibrated slightly.

The torque caused by head unbalance depends directly on the accel-
eration encountered in flight and will cause an error dependent upon the
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aerodynamic spring constant at the particular flight condition. For
instance, at a Mach number of 0.5 at sea level, the head has a natural
frequency of 50 cps and an aerodynemic spring constent of 0.1 in-1b/deg

as determined from figure 4 and equation (la). Thus, since the maximum
unbalance is held to less than 0,001 in-1b in any direction, the maximum
unbalance torque ceaused by an acceleration of 10g in any direction will

~ be gbout 0.0l in-lb and will cause an ergor of 0.1°.- Errors caused by
acceleration and unbalance will decrease when flight conditions cause

the aerodynamic spring constant to increase from the above value, which
occurs under conditions corresponding to impact pressure d. epproximately

equal to 2.7 psi.

Calculations of errors which might be brought about by increased
friction when accelerations and aerodynamic loads increase bearing
loading are necessarily approximate. Calculations of the friction of
the shaft on the sleeve bearings were ma&e; these calculations were
based on standard friction coefficients for the materials used. By
using the measured weights of the head parts and approximate aero-
dynamic drag coefficients for such a shape, calculations were made for
several conditions of Mach pumber, dynamic pressure, and acceleration.
The friction error was found in all cases to be smaller than 0.1°. The
presence of very low amplitude oscillations on flight records obtained
from the instrument bear out the results of calculations in indicating
that frictional forces are insufficient to cause appreclable error.

Mechanical strength.- In order 4o check the structural soundness
of the instrument, particulerly of the Internal parts, the output has
been observed during epplication of static and shock accelerations up
to 100 g. In order to prevent rotation due to residual umbalance, the
angular position of the vanes with respect to the sting was fixed. No
readable output change resulted from the acceleration tests, and later
inspection disclosed no damage.

Electrical Performance

Inasmuch as the instrument was designed primarily for use in the
NACA FM-AM telemetering system, most of the electrical performance data
pertain to operation in the subcarrier frequency range between 100 and
200 keps. Some testing, however, has been done to determine the feasi-
bility of using it with the audio subcarrier FM-FM telemetering system.

Inductance pickoff sensitivity.-~ Typlcal inductence values used with
the instrument on NACA telemetering channels range between approximately
0.07 and 0.25 millihenry at an angle of 0°, depending on channel. fre-
quency and full-scale angular range. This inductance changes about
1.5 percent per degree of angle. TFull-scale calibrated ranges as low
as t4° are practical.
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A typilcal calibration curve of chammel frequency against angle is
shown in figure 8. Linearity of this calibration, expressed as the
percent deviation from the best straight line, is 1.8 percent.

Temperature stability.- Since the instrument experiences aerodynemic
heating, tests were made to determine the effect of slow and rapld heating
on the zero frequency and sensitivity.

When the instrument was tested at ambient temperatures from -60°
to 350° F, it was found that the frequency reading at 0° decreased and
the slope of the calibration curve (sensitivity) increased, both changing
at the rate of 1.0 percent of the full-scale value per 100° temperature
change. Experience with inductance pickoffs. of this type indicates that
these temperature shifts are essentially a charscteristic of the induct-
ance unit alone.

In order to simlate the rapid heatling experienced in rocket-
propelled £light at high Mach numbers, checks were made in which the
head of the instrument was heated rapidly, with a torch, from room tem-
perature to about 400° F. Measurements were made simultaneously of head
temperature, inductance pickoff temperature, and subcarrier oscillator
frequency. The temperature of the inductance pickoff was found to rise at
an initial rate of approximately 100° per minute, with output frequency
changing at the rate of 1 percent of full scale per minute.

The above tests did not take into account possible errors due to
vane warpage with itemperature chenge; this warpage can take place 1if
head castings are not properly stress relieved.

Operation on audio channel frequencies.- In order to theck the
feagibility of using the flow direction pickup on audio subcarrier fre-
quencies, one instrument was assembled by using the existing powdered
iron components and coill form and substituting a winding of 1000 turns
of no. 43 wire. The inductance of the resulting coil at an angle of 0°
was 11 millihenries, and the electrical @Q at 10 kcps was 3.5.

The instrument was connected to & Bendix TOL-5B inductance oscillator
by using the instrument inductance as half of the Hartley oscillator coil
and a 10-millihenry choke as the other half. Although the oscillator would
not operate below gbout 8 keps with this arrangement, operation above that
frequency was satisfactory. A calibration curve of frequency against
angle using a center frequency of 10.5 kcps is shown in figure 9.

Use of magnetic components specifically sulted to audio frequenciles
would probably result in an instrument usable over most of the channel
frequencies of the FM-FM telemetering system.
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CORRECTTIONS AND PRECAUTIONS IN USE

Pitching Velocity Corrections

In most installations the flow-direction indicator is located well
forward of the model in order to minimize errors due to the flow field
around the model. Since it is usually desired to refer aerodynemic coef-
ficients to the model center of gravity, it is necessary to -correct the
reading at the pickup location for induced flow due to the pitching
velocity of the model and the curvature of its flight path.

The corrected angle of attack at the center of gravity of the model
is given to a good approximation by the equation:

Qog = @ + 6 (2)

< 1p4

Substituting the quantities usually availsble for determining 0, equa-
tion (2) becomes

XI;EOg(An - cos 8 cos B\ day

%g:aiJrVLe:c\ v )+dt (5)

where

Ceg angle of attack at center of gravity of the model, deg

i angle of attack at pickup, deg

X distance between aerodynamic center of vane and center of
gravity of model, positive when vane is ahead of center
of gravity, ft

v velocity, ft/sec

An normal acceleration at center of gravity of model, g

g acceleration of gravity, ft/sec2

0 angle between longitudinal axis of model and horizontal

de
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¢ roll angle of model with respect to horizontal
dai/dt indic7ted rate of angle of attack about center of gravity,
deg/sec

Because cos 9 cos ¢ cannot exceed 1.0, whereas A, 1is often much
greater than 1.0, and V is generally greater than 600, it is often

assumed that EEE—EVSQE-Q is small enough to be neglected, and the

~angle of attack at the center of gravity is approximately

_ X(360g An | doj
“cs‘“i*?(";?*&") ()

In a typical model having X = 4 £, V = 1000 ft/sec, and oscil-
lating sinusoldally in pitch at 2.5 cps with peak A, = t5g and peak

= +2°, the correction for pitching velocity and flight-path curvature
@y P)

15 a maximm of 0.13° at ay = 0°.

Frequency Response

Because the damping of this instrument 1s primarily aerodynamic and
the spring force ls entirely aerodynamic, its response is not a function
of the indicated angle, that is, the relative angle between the sting
and the vanes, but rather is a function of the angle of the head in space.
The significance of this relationship in determining the dynamic response
can readily be seen by considering two possible sets of conditions of
an instrument mounted in a wind tunnel. For the first condition, the
Instrument is in a tunnel in which the ailr flow direction is constant but
the sting is mounted to a device which changes the sting angle in the
tunnel without changing the location of the pivoting axis of the instru-
ment. For the second condition, the sting angle is fixed but the direc-
tion of air flow is variable. In both cases, there will be rotation
between the sting and the head and an indication of changing angle. In
the first case, however, there is no rotation of the head snd no change
in the aerodynamic forces on the head. Therefore, since the friction
and damping forces between the head and the sting are negligible, the
angle of the sting with respect to flow direction is indicated with
proper amplitude and no lag, regardless of the frequency of operation.

In the second case, any change In the relative angle between sting and
head requires rotation of the head and changes in the aerodynamic forces
acting on 1t. 1In this case, the indication of the angle between the
sting and the flow direction is subject to amplitude and phase errors
depending on the natural frequency and aerodynamic dsmping of the head.
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The action of the instrument when mounted on a model in free flight
falls between the two extremes discussed gbove. The head assumes the
angle of its flight path in space, which can be approximated by the
following equation:

Ap - 0 An - 8 '
o - 36ogf n - cos 0 cos @ st §B6Og(n cos B cos ¢>+ doy (5)

o v ¥ V| ox v dt

The first term of this equation is the flight-path angle of the model
center of gravity; the second term corrects this for the location of

the pickup. As in equation (3), the term cos 6 cos ¢ may generally
Vv

be ignored.

If the same values used in the example following equation (&) are
substituted into equation (5), rotation of the head in space is found to
be +0.46° which is less than one-fourth of the indicated-angle-of-attack
range. If the other factors are kept constant but the frequency of oscil-
lation is varied, the head is found to rotate only +0.06° at a frequency
of 5 cps and §0.35° when the frequency is 10 cps. Rotation of the head
in space will vary with all factors involved but under practically all
conditions the amplitude of head rotation is considerably less than the
amplitude of the indicated angle of attack.

The characteristics of the models on which the dual-flow-direction
plckup are used are such that the natural frequency of the models will
not exceed about 10 percent of the natural frequency of the pickup.
Thus, although the pickup has a damping coefficient of only about 5 per-
cent of the critical value, 1ts amplitude and phase errors are very
small. The pickup response calculated under the assumption that it is
being operated at 10 percent of its natural frequency indicates that
there will be an amplitude error of only 1 percent and a phase lag of
only 0.6°. However, since the actual head rotation has been shown to
be less than the range of indiceted angle of attack, amplitude errors
and spparent phase lag will be less than calculated. Therefore, when
the pickup is used, it is assumed to indicate the true local flow
direction; amplitude and phase errors in the recorded data are due to
the response of the ground recording system, which can be measured and
corrected for, when necessary.
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IMPROVED SINGLE-AXIS FLOW-DIRECTION PICKUP

Work which was carried out in making a satisfactory dual-flow-
direction pickup also made possible the design of a single-axis flow-
direction pickup which is smgller in size and more reliably constructed
than the one described in reference 1. This instrument, which is used
on models where the size of the dual-flow-direction instrument is
objectionable or where only one measurement is necessary, simply elimi-
nates one pair of vanes and the associated rotational axis and sensing
element of the dual pickup; thus, a 30-percent reduction in its size
1s possible. The single-axis pickup has characteristics which are the
same as those of the pickup described in this report, with the exception
that the natural frequency is about 35 percent higher.

CONCLUDING REMARKS

In use, the dual-flow-direction pickup described above has provided
satisfactory data from pilotless aircraft operating at Mach numbers
from 0.5 to 2.8 and dynamic pressures up to 65 psi. Test results indi-
cate that satisfactory operation can be expected at higher Mach numbers
and dynsmic pressures, with the limitastion that errors in reading abso-
lute angles may become excessive due to aerodynamic heating if the
flight time is long.

The inductance pickoff of the instrument was designed for use on
the 100 to 200 kcps subcarrier frequencies of the NACA FM-AM telemetering
system. Satisfactory operation, however, has also been obtained on the
higher subcarrier frequencies of the Research and Development Board
standard FM-FM telemetering system.

Characteristics of. the instrument may be summarized as follows:

(1) Using only a protractor calibration, the accuracy of the instru-
ment under most conditions is better than 0.2°. Resolution is not limited
by the Instrument. Particular characteristics effecting the accuracy are
as follows: The serodynamic “"zero" agrees with protractor calibration
zero to within less than 0.2°. Acceleration errors are less than 0.01°
per g when dynamic pressure exceeds 2.7 psil; the instrument withstands
shock and static accelerations up to 100 g without damage. The instru-
ment has been used with satisfactory accuracy end stebility at Mach num-
bers from 0.5 to 2.8 and at dynamic pressures up to 65 psi.

(2) The dynamlc response is adequate for use on any model large
enough for the Instrument size to be reasonable. Damping coefficient is
approximetely 5 percent of critical; the natural frequency at Mach num-
ber 1.0 at sea level is 135 cps.
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(3) The over-all exposed length is 7 inches; the frontal area is
approximately 1 square inch; and the total weight is 0.32 pound.

(%) The instrument is mounted forward of the aircraft.

(5) Flow direction angles with respect to the instrument mounting
axis of up to 15° in any direction can be measured. The instrument has
been used satisfactorily with calibrated ranges as small as 8°.

(6) Separste variable inductance outputs are provided for indication
of local angle of attack and angle of sideslip; there is no interaction
between the two quantities. Inductance variation is gpproximately
1.5 percent per degree of angle.

(7) Static-temperature errors with a calibrated range of 20° are
between 0.1° and 0.3° for a temperature change of 100° F. A sudden rise
of head temperature of about 320° F above ambient produces an initial
drift of approximately 0.2° per minute.

(8) Calibration is direct and simple and the construction costs are
relatively low.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeromnsutics,
Langley Field, Va., November 5, 1953.
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APPENDIX

METHOD OF ANALYSIS

In order to simplify evaluation of the performance of the instrument
described herein, the assumption wes made that at a given Mach number the

aerodynamic forces and moments vary linearly with oy and o, the angle

and rate of change of the angle between the head axis and the relative
wind. The instrument can then be represented as & gimple mass-spring-
damper system, in which mass is equivalent to the moment of inertia of
the head and attached moving parts, the spring is the aerodynesmic moment
tending to "zero" the head with the relstive wind, and the damping is the
sum of the aerodynamic and mechanical damping forces on the head movement.
Analyses of the behavior of such systems can be found in standard refer-
ence books such as reference-8. The natural frequency and damping coef-
ficlents of such devices are related to the instrument parameters as
follows:

-1 57];31& (6

& = 100 — (7
2\57.3kT

where

Tn natural frequency, cps

5 damping coefficient, percent-critical

k spring constant, in-1b/deg

I moment of inertia, in-lb-sec®

A demping factor, in-lb/radian/sec

If any mechanical damping forces which may be present are assumed
to be negligible, the equation of angular motion of the pickup head may
be written in general terms as follows:

iy + o (O 0c51°) + (O 2e5) = 0 (8)
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where
Damp moment
Cm& damping-moment coefficient, ing
n 63,9812
Cngy, pitching-moment coefficienmt, Livcring loment
%St
de free-stream dynamic pressure
S representative surface area
1 représentative linear dimension
ay head angle with respect to relative wind
. day, |
T
d?mh -
oy = ——
at?

The first and second terms in parentheses in equation (8) are equivalent
to A, the damping factor, and Xk, the spring constant, respectively, in
equations (6) and (7). At a given Mach number, the coefficients Cm&h

and Cmah are constants, and the terms S and 1 are constants for a

given configuration. It can be seen from equation (8), however, that
the damping coefficient and the spring constant are directly proportional
to 4q,, the free-stream dynamic pressure. At a given Mach number, qe 18

directly proportional to the free-stream static pressure (ref. 9). There~
fore, from equaetions (6) and (7), it can be seen that, at a given Mach
number, the natural frequency and damping coefficient of the instrument
are directly proportional to the square root of the free-stream static
pressure. These simple reletionships were used in calculating the
instrument-performance characteristics at various pressure altitudes from
data obtalned under the tunnel test conditions.
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(¢) Three vane configurations using same body shape.

Figure 1.- Head designs.
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Figure 2.~ Flnal pickup configuration.
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Figure 3.- Damping record obtained in Langley high-speed T~ by 10~foot
tunnel. Mach number, 0.8; static pressure, 9.58 psi.
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Figure 4.- Plot of natural frequency against Mach number at different
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L-80883
Figure 5.~ Final instrument configuration mounted in calibrator.
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Figure 6.- Instrument configuration of fig. 2(&), nmounted in Langley
9- by 12-inch supersonic blowdown tunnel for angular celibrations.
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Figure T.- Wind-tunnel check of protractor calibration at the three test
Mach nmumbers.
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